Bulk amorphous Zr 54.5 Ti 7.5 Al 10 Cu 20 Ni 8 was investigated by means of smallangle neutron scattering and high-resolution electron microscopy. Partially crystallized states were generated by annealing. The scattering data were analyzed in terms of a model taking into account both properties of the particles and interparticle interference. The mean radius of the particles is 1.3 nm. They are surrounded by a depletion zone with mean thickness of 2.6 nm. The volume fraction of the particles is estimated from the interparticle interference effect; its upper limit after annealing at 653 K for 4 h is 12%. Electron microscopy con®rms the size determined from the scattering data and shows that the particles are crystalline.
Introduction
Decomposition and partial crystallization of bulk amorphous alloys on a nanometre scale has been observed in various systems (for a general review see e.g. Inoue, 2000) . In a series of papers (e.g. Wiedenmann & Liu, 1996; Schneider et al., 1996; Hermann et al., 1997; decomposition and partial crystallization of bulk amorphous alloys has been analyzed using small-angle neutron scattering (SANS). Randomly distributed crystallites of 2.5 nm average size were observed by means of highresolution electron microscopy (HREM) in Zr-based bulk amorphous alloys (Fan et al., 2000) . For similar alloys, Mattern et al. (2000) carried out X-ray diffraction experiments and interpreted the data assuming the formation of ultra®ne nanocrystals during annealing.
In the present contribution we use SANS, differential scanning calorimetry (DSC) and HREM to study the microstructure of partially crystallized bulk amorphous Zr 54.5 Ti 7.5 Al 10 Cu 20 Ni 8 . The SANS data are analyzed within the framework of a model describing spherical particles with surrounding depletion zone and gammadistributed radii where the particles are randomly distributed in real space but interact through a hard-core distance.
Experimental
The sample was prepared by rapid quenching from the melt in the form of a ribbon with a cross section of about 5 mm Â 50 mm. The asprepared sample was homogeneous with respect to the SANS signal, which consisted only of statistical noise (Fig. 1) . The thermal behaviour of the as-prepared material was measured by DSC using a Perkin-Elmer DSC 7 calorimeter at a heating rate of 40 K min À1 up to 873 K. The glass temperature was estimated to be 660 K. Two exothermic events were observed in the temperature range mentioned. Here we consider the ®rst. At the heating rate of 40 K min À1 this event starts at about 673 K and ®nishes at 741 K. Above 741 K the second exothermic peak appears.
Pieces of the as-prepared sample were annealed at a temperature of 653 K for a series of time periods, and the corresponding amounts of heat released were measured. The SANS experiments were carried out at the small-angle scattering facility V4 at the Berlin Neutron Scattering Center (BENSC). The HREM images were taken with the 300 kV microscope TecnaiF30-STwin (FEI) at the Institute of Solid State and Materials Research (IFW) Dresden after preparation in the Rapid Etching System RES010 (Bal-Tec) with¯at-striking Ar + ions.
Results and discussion
The DSC heat releases measured for the as-prepared sample were 19.7 and 14.0 J g À1 for the ®rst and the second exothermic events, respectively. Heating to temperatures above the second event led to a completely crystallized state (size of crystallites between 50 and 100 mm). Here we consider the state obtained after annealing at 653 K for 240 min. The heat release of the ®rst event measured for this sample was 0.1 J g
À1
. If it is assumed that the ®rst exothermic event is caused by crystallization of the entire sample the DSC values give a volume fraction of crystallites of 99.5%.
The HREM analysis showed that the 653 K/240 min sample consists of crystallites embedded in an amorphous matrix. Fig. 2 shows an example crystallite. The diameter of the crystallites ranges essentially from 2 to 3 nm. Only a few larger particles up to 5 nm appear. The volume fraction of the nanocrystallites cannot be determined quantitatively from the HREM images; however, there is no evidence for complete crystallization of the sample.
The SANS intensity of the 653 K/240 min sample shows a maximum at about 1 nm
. Assuming that particles like those visible in Fig. 2 are responsible for the SANS signal, there are two possible reasons for this maximum: diffusion zones surrounding the particles and interparticle interference. Heinemann et al. (2000) considered a model for spherical particles with diffusion zones and gammadistributed radii and gave an explicit expression for the scattering intensity. Models taking into account interparticle interference have been discussed recently by Tsao & Liu (1999) . We combine both types of models in the following way:
jFqY " RY sY lj 2 describes the contribution of the isolated gammadistributed spherical particles with diffusion zone where " R and s are mean value and root mean square of the gamma distribution, respectively, and l characterizes the dimension of the diffusion zone (see Heinemann et al., 2000) . SqY R hc Y c p is the contribution of the hard-core system with hard-core radius R hc and volume fraction c p and can be expressed in the Percus±Yevick approach according to Ashcroft & Lekner (1966) The experimental SANS data are ®tted by equation (1) using a nonlinear least-squares routine. The results are given in Table 1 . The upper and lower bounds of the con®dence intervals are not symmetric to the mean value. This is a consequence of the nonlinearity of the ®t. The con®dence interval is chosen so that the true value of the parameter ®tted can be found within this interval with a probability of 95%. The mean value of the diameter of the particles is 2.6 nm. The size distribution ranges from about 2.4 nm to about 3.0 nm. The crystallites observed by HREM match this interval. The SANS data cannot be reproduced by the present model without taking into account the depletion zone parameter l, which describes the thickness of this zone. The corresponding con®dence interval is very broad, which suggests that parameter l may depend on the size of a given particle. This is not considered in our model. On average, each particle consists of a core with radius 1.3 nm and a depletion zone of 2.6 nm.
The parameter 2R hc describes the minimum distance between particle centres. Its mean value of 4.7 nm is of the order " R l suggesting that the repulsive hard-core interaction of the particles is caused by the depletion zone. This can be understood assuming that the depletion zone is generated by the diffusion of atoms required for the formation of the nanocrystals. Then, nucleation of a new particle within the diffusion zone of an existing one would not be favoured.
The volume fraction of the cores of the particles does not coincide with c p . Taking into account the gamma distribution of radii and the con®dence intervals of the parameters estimated from the SANS curve we obtain an upper limit of 12% for the volume fraction of crystallites. HREM image of the 653 K/240 min sample. In the marked area, a nanocrystal is visible.
Table 1
Results of the least-squares ®t of the SANS data obtained from the 653 K/240 min state: mean values and limits of the 95% con®dence intervals. 
Conclusions
SANS analysis gives reliable quantitative results on mean diameter, size distribution and diffusion zone of ultra®ne nanoparticles appearing in the studied Zr-based bulk amorphous alloy after annealing near the glass temperature. We assume that the nanocrystals observed by HREM represent the particles detected by SANS. Besides the properties of the isolated particles, interparticle interference is also considered and used to estimate an upper limit of 12% for the volume fraction of the scattering particles. This is contradictory to the value of 99.5% calculated from the DSC data under the supposition that the heat release of the ®rst exothermic event is caused by crystallization. The supposition of complete crystallization even on a 1 nm scale is, however, not the only possible one. Another explanation could be based on the assumption of two different processes. A fast process, characterized by local rearrangements of atoms or groups of atoms, could give rise to the DSC observations, and a slow process, e.g. diffusion, could be responsible for the evolution of the scattering contrast. Additional work is in progress to ®nd the answer to this question.
